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Abstract 
Elastic modulus of commonly used excipient, i.e. microcrystalline cellulose (MCC) and an active pharmaceutical ingredient 
(API), i.e. clarithromycin has been measured by atomic force microscopy. Moderate forces applied with AFM cantilever caused 
small deformations (a few nanometers) of investigated samples and under such conditions the Hertz model was successfully 
applied. Wide distributions of the measured elastic modulus imply on heterogeneous surface properties of the investigated 
samples. This could be explained by polycrystalline attributes of clarithromycin and coarse structure of MCC agglomerates. 
AFM-based nanoindentation method was compared to a permanent indentation technique performed by nanoindenter. Results 
obtained by applying larger forces using nanoindenter showed a significant indentation depth dependence that could be the 
consequence of material’s non-ideally elastic surface or viscoelastic/plastic properties.
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______________________________________________________________________________________________
1. INTRODUCTION 
The important objectives in drug formulation are mostly related to identify a product composition and processing 
parameters that assures a constructive formulation with the desired critical product attributes. According to the most 
relevant guidance for industry, the characteristics of all ingredients, i.e. APIs and excipients, as well, container 
closure systems and manufacturing process that should be considered as critical for product quality, have always to 
be specified and control strategies justified. According to this document, development studies can be conducted in a 
manner to enhance knowledge of product performance over a wider range of material attributes, processing options 
and process parameters [1].  
Mechanical properties of pharmaceutical materials have an important role on powder compaction as well as grinding 
bevior. In this respect, we could define a number of challenging issues during tablet dosage form development.
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Some of the critical aspects include excipients selection, powder flow, capping, lamination, sticking, friability, 
disintegration and rate of drug release which are significantly influenced by mechanical properties. [2].  
Modification of powder mechanical properties for desired application is demanding approach in material science 
and engineering. With considerable certainty we could claim that mechanical properties of individual powder 
particles are essential for adequate process of tabletting. Numerous pharmaceutical compounds have inappropriate 
mechanical properties and therefore are not eligible for tabletting. Poor compressibility is especially characteristic 
for some active pharmaceutical ingredients, like acetaminophen, prophen compounds such as ibuprofen, 
diclophenac sodium and ascorbic acid [3]. Practical solution for this problem is using of appropriate excipients in 
order to correct differences in tabletting properties of APIs. However, such approach is not always able to 
accomplish a purpose, especially in case when more than 20 % of poorly compressible API is included in tablet 
formulation. For that reason, particle engineering has been involved as a useful path intended to deal with poor 
mechanical properties of pharmaceutical solids. More precisely, functional pharmaceutical materials are developed 
by forming a salt, hydrates, co-crystals, polymorphous or amorphs as well as agglomerates via granulation [2, 3]. 
Mechanical attributes related to the properties of materials under an applied stress include elastic and plastic 
deformation as well as fracture. Elastic deformation is a reversible energy storage and force balancing mechanism 
that is a part on any stressed state. It can be qualified by Young’s modulus and Poisson’s ratio. It is reported that 
Young’s modulus and yield stress influence the compaction behavior of powders [5-7]. Compaction yields increased 
strength of tablets (compacts) by particle fracture and packing rearrangement. In the continuation of the process, the 
powder bed is sheared and the particles are deformed. These powder beds can be described as very complex 
structures what is the main reason for difficulties in measuring their mechanical properties. Mainly, these arise from 
the interrupted continuity from pores and changes of consolidation [4].  
Permanent or plastic deformation is a change of shape of a body which is not recovered when the stress is released. 
Role of the plastic deformation in tabletting is evident from the formation of interparticulate bonds and thus, 
reinforce of the tablet strength. Finally, the third mechanism of the deformation is fracturing. It is a rapid 
propagation of cracks with a little accompanying plastic deformation [8]. As a rule of thumb, it should be kept in 
mind that appropriate compaction requires plastic deformation, therefore it is necessary to interpret mechanical 
properties of individual particles that are critical in controlling the general behavior of the assembly.  
Simultaneously with the development of atomic force microscopy (AFM), techniques for probing the material 
properties at nano- scale have been implemented as newsworthy approach in testing the mechanical properties of 
solids. Besides obtaining high resolution images, utilized cantilevers can used as soft indenters permitting the local 
mapping of the surface elasticity. By using AFM, it is feasible to combine information about morphology with local 
mechanical properties via so called nanoindentation technique. The tip and the sample are brought into contact, and 
then pushed further towards each other, forcing the cantilever and the sample into mechanical compliance under the 
increasing force. During such approach, the bending of the AFM cantilever is measured and converted into force 
versus deformation curves [9-11]. The unique advantage of AFM nanoindentation is the ability to combine high-
resolution imaging, composition mapping with nanometer spatial resolution and local mechanical studies on 
individual particles with nanonewton applied forces [5]. Conducting the nanoindentation measurement with AFM is 
not a trivial task when the samples are rough which is normally present in the case of crude pharmaceutical powders. 
Increased surface roughness may involve distortion in the force curve during the contact between the tip and surface 
asperities. Effect of roughness is usually reported as twisting of cantilever and can be the main reason of results 
discrepancy [11]. 
Relation between the force and the depth of indentation of the tip gives a description of complex mechanical 
response of the cantilever-sample system, which is commonly modeled with Hertz contact and Sneddon’s contact 
model too [12]. 
In this work, the feasibility of AFM nanoindentation approach was investigated in order to measure the elastic 
modulus of crystalline active substance, clarithromycin, and majorly utilized excipient such as microcrystalline 
cellulose (MCC) in the form of agglomerate. At this point, we would like to stress that measurements have been 
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conducted on a single microparticle. The specific question is, whether the Hertz model could be applied to the 
system under study. Finally, the results of AFM measurements were compared to the results from nanoindenter. 
 
2. MATERIALS AND METHODS 
 
2.1. Materials 
Microcrystalline cellulose (Avicel
®
 PH 200, FMC International, Philadelphia, USA, particle size 180 μm) and 
clarithromycin recrystallized from the acetone were used for this study. Polymorphic form II of clarithromycin was 
prepared according to the procedure described in the literature [13]. 
2.2. Sample preparation 
To prepare the particle samples for AFM nanoindentation, a thin layer of glue from double side tape was applied on 
metal specimen discs and the particle were than fixed. Appropriate fixation of the particles to substrate surface was 
checked by lightly tapping of the metal stub on its side. 
Additionally, powder samples were analyzed by scanning electron microscope (SEM). The particles were deposited 
on double-sided carbon tape (diameter 12 mm, Oxon, Oxford Instruments, UK). A SEM (Supra 32 VP, Zeiss, 
Oberkochen, Germany) was used with an acceleration voltage of 0.8 kV and a secondary detector.  
2.3. AFM Measurements 
All AFM measurements reported in this study (force-displacement and topographic mapping) were performed using 
Veeco Nanoscope IIIa microscope (Vecco, St Barbara, USA). Diamond coated pyramidal probes (DT-FMR, 
Nanosensors, Germany) with a nominal spring constant between 0.5-9.5 N/m were utilized in all measurements. 
Actual spring constant has been determined by using thermal noise method [14]. Topographic images were collected 
using the contact mode at a scan rate of 3 Hz. Before conducting the indentation experiments on particles, several 
force plots were collected on the mica substrate as infinitely hard surface. Measurements on the hard substrate were 
used to calibrate the deflection sensitivity of the instrument, which is necessary to convert the deflection voltage 
versus probe displacement measurements into the force versus deformation dependences. The indentation approach 
on particles involved collecting of the individual force curves on different locations at the scanned surface. Smaller 
areas (~ 200 nm) were focused before performing the nanoindentation experiments. The measured data including the 
AFM probe displacement and the cantilever deflection were stored for further analysis. At least 200 curves were 
obtained on several different particles of investigated samples.  
2.4. AFM tip radius measurements 
Before probing of the surface, probes were placed on double-sided carbon tape (diameter 12 mm, Oxon, Oxford 
Instruments, UK) and imaged by a SEM instrument (Supra 32 VP, Zeiss, Oberkochen, Germany) with an 
acceleration voltage of 3.00 kV and a secondary detector. The radius of the tip was determined by fitting a 
paraboloidal profile to the shape of the tip. 
2.5. Data analysis 
Several assumptions have to be taken into account in order to apply Hertz model for the calculation of Young’s 
modulus [15]. The elastic deformation of the sample was determined from the approach curve in order to avoid 
adhesion influence on the calculation of the elastic modulus. The measured deflection versus probe displacement 
was converted into force – deformation curves by using the cantilever spring constant. The compressing force to the 
power of 2/3 was plotted versus deformation. The linear region, if any, was used to calculate the Young’s modulus 
following the Hertz equation (Eq. 1). 
ܨ ൌ ସඥோ೎
ଷ
 ா
ଵିఔమ
ߜଷȀଶ                                                                                                                                                    (1) 
Here, F is the compressing force, į is the deformation, R is the probe's radius of the curvature, E is elastic modulus 
and Ȟ is Poisson ratio of the elastic solid. A Poisson ratio of 0.3 has been used in calculation. Moreover, the Hertz 
model neglects any adhesion which commonly exists between surfaces in contact [15]. During data processing, the 
appropriateness of the linear fit was estimated by calculating the coefficient of determination (r
2
). The mean r
2
 value 
of linear regression analysis was estimated separately for each sample.  
2.6. Nanoindenter measurements 
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Fig.  2. AFM height image of clarithromycin surface bef
clarithromycin surface (right). 
3.2. Elastic modulus  
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Fig. 3. Typical force-indentation plot on the MCC particles. The y axis is the force to the power of 2/3, and the x axis is the 
deformation. Linear fit to the data is indicated by the solid (red) line. The slope of this linear part is used to extract the elastic 
modulus using Eq. 1.  
 
According to the distributions of Young’s modulus from the histograms (Figure 4), MCC and clarithromycin have 
an average Young’s modulus of 1.1 ± 0.4 GPa and 2.0 ± 0.9 GPa, respectively. The distribution of elastic moduli for 
each sample is wide with the relative standard deviations more that 30%. This variation can be related to the 
increased roughness of the surfaces. 
Bearing in mind that the force-curves have been obtained under approximately the same conditions (the same force), 
the indentation depth shows larger deviation in case of MCC that can be also be attributed to the inhomogeneous 
surface properties of MCC.   
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Fig. 4. Young’s modulus distributions obtained on MCC
 
Table 1. Evaluated parameters from the force-deformation curv
 
  Number of evaluated curves 
MCC 50 
Claritromycin 50 
 
Large deviation of Young’s modulus can be rela
surface. For coarse structures of hard materials, th
can be noted from the Figure 5 that such specia
depositing of the particles to the surface and are no
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Fig. 5. SEM images of the used diamond-coated pyramid
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3.3. Nanoindenter measurements 
To allow a comparison of AFM based data with a more standard approach, a conventional nanoindentation 
experiments have been carried out on nanoindenter. Such method involves a gross permanent change in the surface 
structure of the particles in comparison to AFM measurements where only elastic response should be induced. 
Secondly, larger loads are applied during indentation cycles that cause greater indentation depth. The relationship 
between stress and strain in such case can be presented in the form of force-displacement curve (Figure 6) where 
unloading part of the curve is used for the calculation of the elastic modulus [21] . 
  
 
 
Fig. 6. A typical force-displacement curve on MCC obtained by nanoindenter 
 
Using the well described Oliver-Pharr method [21], it is possible to calculate reduced Young’s modulus according to 
the following equation (Eq. 2):  
 
ܧ௥ ൌ 
ξగௌ
ଶఉඥ஺೛ሺ௛೎ሻ
                                                                                                                                                    (2) 
 
where Er is a reduced modulus, ȕ is a geometric factor (for three-side indenter is 1.034), Ap is the projected contact 
area, S is the stiffness and hc is the depth of the contact of the indenter. 
It was observed that the values of the Young’s elastic modulus for the MCC were ranging from the 5.2 to 6.1 GPa 
(Table 2). In the case of clarithromycin, mean Young’s modulus was 5.1 ± 0.4 GPa. Such values are almost 6 and 2-
times greater when compared to AFM data for MCC and clarithromycin, respectively. Such results are 
demonstrating an elevation of the elastic modulus with increasing of the indentation depth. This phenomenon has 
already been observed in practice in the case of pharmaceutical materials such as lactose and sorbitol particles [17, 
19].  For an ideal elastic material, Young’s modulus should not vary with load, however, for these materials, this 
evident elevation of the Young’s modulus with indentation depth, suggesting a possible viscoelastic/plastic 
deformation [22]. 
 
Table 2. Mechanical properties obtained on nanoindenter experiments 
 
 
 
 
 
 
 
 
Indentation hardness (Table 2), as local mechanical properties, relates on more brittle behavior of MCC in 
comparison to clarithromycin. According to the results, latter substance is showing more ductile nature what is 
Samples Hardness [MPa] 
Indentation  Young’s modulus 
[GPa] 
MCC 400 ± 70.0 6.1 ± 0.88 
Clarithromycine 225 ± 40.0 5.1 ± 0.4 
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evident from two-fold smaller hardness. In that sense, ductile materials deforms more plastically in comparison to 
the brittle [23].  
 
4. CONSLUSION 
In summary, the AFM nanoindentation technique has been used to measure the elastic modulus of individual 
particles of microcrystalline cellulose and clarithromycin. According to our results, such technique can be applied to 
local mechanical characterization of individual agglomerates and crystals. The benefits of the AFM based 
nanoindentation using force-spectroscopy approach are minimal sample requirements, no need for producing 
compacts as well as an absence of permanent deformation. Due to the inhomogeneities of the samples surfaces, 
distribution of the elastic modulus is showing a significant width. The analysis of the nanoindentation measurements 
supports Hertz criteria and reveals the elastic modulus of 1.1 ± 0.4 and 2.0 ± 0.9 GPa of MCC and clarithromycin, 
respectively. When compared the results from AFM-based nanoindentation approach to the ones obtained on 
nanoindenters, the strong indentation load or depth dependence of Young’s modulus has been confirmed. Bearing in 
mind that elastic modulus is intrinsic property of materials that should not be altered with indentation depth, such 
results could be the consequence of non-ideal elastic body or viscoelastic/plastic surface properties. On the other 
hand, both methods have not confirmed large differences in Young’s modulus between investigated samples. 
Nanoindenter provides more details about mechanical properties of materials including hardness, creep, percentage 
of indentation relaxation and etc. Using such parameters it is even possible to describe deformational behavior in a 
more precise manner when compare to the AFM nanoindentation approach.  In that sense, MCC exhibits more 
brittle behavior in comparison to clarithromycin what is evident from the as twice as larger indentation hardness.  
Our prospective goal is to provide basic concepts of mechanical property characterization of pharmaceutical solids 
such as active compounds and mostly utilized excipients. Even more, we would like to make a progress in 
understanding how material properties influence formulation development, process understanding and product 
specifications. 
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